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ABSTRACT 

Two typ^s of low-loss single-mode {i+h'n+ GaAs three-dimensional waveguides 

have be|fen pjccessfully fabricated and their attenuation coefficients measured. 

The devices are an optical stri^line and a new device, the channel-stopv' strip 

guide. / The channel-stop strip guides have losses of 0.8 iqm"    at 1.06 ((iirj.' and 
J   4 \ " — 1      x 

1.1 cm at 0.920 [im; the losses for the optical striplines are 1.2 cm at 

•^1.06 pifi and 1.7 crn^ at 0.920(JJim, A first-order loss calculation has yielded^ 

attenuation coefficients within 25 percent of these measured values. Both 

structures have an n* substrate, an rT^ epitaxial layer for guiding, and p, , re- 
gions'to laterally confine the light. The p^ regions have a uniform concentra- 
tion and are formed by multiple-energy Bö -ion implantation. The p n^junc- 

tions^show sharp high-voltage breakdowns at sufficiently high electric fields in 
the n layer (1.5 X 107V/cm)to enable their use in directional-coupler switches 

and electroabsorption .modulators. 

The caugesfor reduced external quantum efficiencies in integrated etched-mesa 

GaAs-AlGaAs double-heterostructure (DH) lasers have been investigated. The 
primary loss mechanism appears to be the scattering of light by imperfections 

in the etched end mirrors.     f£  

As a first step in the investigation of heteroepitaxial growth with the aid of sur- 
face relief structures, a combination of laser holography and x-ray lithography 
techniques have been used to produce 3200 A period gratings in photoresist. 
Straight edges and sharp vertical profiles were obtained in PMMA (polymethyl 

met1 dcrylate) by soft x-ray lithography using holographically produced masks. 

To investigate the potential of insulator-metal transitions for optical switching 

devices, thin-film VO, modulators have been fabricated and evaluated at sub- 
millimeter wavelengths. Modulation of about 70 percent was obtained in de- 
vices that were switched by electrical heating with response speeds on the order 

of 1 msec. 
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INTEGRATED   OPTICAL   CIRCUITS 
AND 

EXPLORATORY    MATERIALS   RESEARCH 

I.    INTEGRATED OPTICAL CIRCUITS 

A.     LOW-LOSS GaAs p+n"n+ THREE-DIMENSIONAL WAVEGUIDES 

The development of GaAs-based integrated optical circuits  (IOCS)  requires low-loss 

three-dimensional waveguides.    We have row successfully fabricated two types of single-mode 
p+n~n't three-dimensional guides entirely in GaAs;  an optical stripline and a new device,  the 
channel-stop strip guide.    Both waveguides have an n   substrate,  an n    epitaxial region for 
guiding,  and p+ regions to laterally confine the light.    The p   regions are formed by Be  -ion 

implantation.    The structures exhibit low optical loss (a as low as 0.8 cm      at 1.06 jim) and the 
p+n' junctions have sharp high-voltage breakdowns (corresponding to an average electric field 

in the n' layer of 1.5 x 105 V/cm).    Both types offer several advantages over other three- 
dimensional GaAs guides previously reported.     In comparison to striplings with n    ribs,   these 
junction devices have a comparable or lower optical loss, and additionally allow high electric 
fields at low leakage currents to be applied to the guide by reverse-biasing the p n   junction. 
This should facilitate the fabrication of modulators and switches using electroabsorption or 

electro-optic effects.    Schottky-barrier devices, '    wlu-h do permit electro-optical effects, 
and proton-bombarded embedded strips    have higher losses than thise p n n    guides. 

A cross-section sketch of an idealized optical stripline structure    is shown in Fig. 1(a), 

along with a sketch of the associated refractive index profile.    The device consists of a rib of 
index n, over a slab of index n, and a substrate of index n^    Region 4 is air.    As indicated in 
the figure,  the index of the slab is greater than that of the rib which in turn is larger than the 

substrate index.    The effective guide index is largest under the rib,   so that light propagating 

Fig. 1. (a) Schematic diagram of an optical 
stripline showing cross section of structure 
to the left and refractive index profile to the 
right. Region 4 is usually air. (b) Sche- 
matic diagram of a GaAs p^rTn^ optical 
stripline showing propagating light confined 
in the n" slab beneath the p+ rib. Drawing 
is not to scale; dimensions refer to the 
single-mode device for which loss measure- 
ments are reported. Sloped sides of the rib 
result from the etching procedure used. 
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in the slab will be laterally confined there.    Because the light is guided in the higher-index slab 
rather than in the rib,  this de\ice should have lower loss than some other lib structures,   since 
scattering losses due to rib edge roughness are minimized. 

The stripline structure reported here,  shown schematically in Fig. 1(b),  was fabricated 
entirely in GaAs and consists of a p   rib, an n~ epitaxial layer, and an n+ substrate.    Devices 
were fabricated by first growing the undoped epitaxial layer by an AsCl,-H,-Ga vapor-phase 

18        -3 
technique on a (lOO)-oriented 1 X 10      cm      n-type substrate.    The layer was n-type,  with a 
concentration of ~1 x 10      cm" ,  a mobility at 77 K of 100,000 cm2/V-sec,  and a thickness of 
about 10 um. 

To form a p   layer, the sample surface was first encapsulated with ~700 A of pyrolytic 

Si3N4 deposited at 720oC (Ref. 7).    The epilayer was then implanted with Be+ ions with doses 
of 1.5 x 10 4 cm-2 at 400 keV,  1.2 X lü14 cm-2 at 220 keV,  and 1.2 x 1014 cm"2 at 100 keV. 
Following the implant,  the wafer was annealed at 900 0C in flowing nitrogen for 15 minutes. 
Beryllium was chosen because it is the p-type dopant having the maximum penetration depth in 

GaAs;  the multiple doses were chosen to create a heavily doped layer of uniform concentration 
and,  thus,  of uniform refractive index.    Evaluation of this implantation technique by a series 
of etching steps and Hall measurements indicated that the implanted layers hpd a relatively 

18        -3 constant p-type concentration of 2 x 10     cm     to a depth of about 1.5 ^m.    The actual junction 
depth was found to be about 2 pm from the surface.    Details of the Be+-ion implantation and of 

+     — ft 
the electrical characteristics of the p n   junctions have been discussed elsewhere.     However, 
it should be noted here that ion implantation has several advantages for this doping task:   it 
provided precise control on the depth and concentration of the implanted layer,   and allows the 
option of selective doping by simple masking techniques. 

After annealing,  the Si3N4 encapsulation was removed in HF.   Of the several procedures 
investigated to form the ribs, a Ti-masking technique was found to give the straightest and 
smoothest rib edges.    In this method,  stripes of several widths were defined along a (011) di- 
rection in a ~300-A sputtered Ti layer by first patterning a photoresist film and then sputter- 
etching the exposed Ti.    After the photoresist was removed,  the GaAs was etched down through 

the p   layer (using the Ti as a mask) in a ~3'C solution of 1H2S04:8H202:111,0.    For the 
orientation chosen,  the sides of the ribs etched at a ~45° angle as indicated in Fig. 1(b).    The 

finished devices had a rib height of 2 ^m and an n" layer thickness of 8 jxm.    The p+n" junctions 
formed by the isolated ribs and the undoped layer have shown sharp breakdowns at voltages 
corresponding to average electric fields in the punched-through n' regions of 1.5 X 105 V/cm. 
Guides with rib widths from 10 to 3 5 ^im were fabricated. 

A cross-section sketch of the channel-stop strip guide is shown in Fig. 2(a) along with a 
sketch of the associated refractive index profile.    The relative magnitude of the indices is given 
by n2 > n3 > nj > n4.   In this structure,  the effective guide index is largest in the central por- 
tion of region 2 (between the regions of index n3) and light will be guided there.    The regions of 
index n, thus serve as optical-channel stops. 

The GaAs channel-stop strip guide we have fabricated is shown schematically in Fig. 2(b). 
The guides were formed on wafers consisting of an n" layer grown by vapor-phase epitaxy on a 
1 x 10     cm     n-type substrate.    This n   layer had a concentration of ~ i x 10      cm     and was 
about 7 (im thick.    Devices were fabricated by first dtpositing a 700-A pyrolytic-Si^N. film 
over the epitaxial layer.    A photoresist layer of sufficient thickness to stop the Be+ ions was 

then sprayed on the sample and patterned using standard techniques to form an implantation 





w^ 

This single intensity maximum is typical of those observed.     The E^ mode was observed on 
striplines with 3 5-nm-wide r bs and on channel-stop strip guides with 45-fxm-wide guiding strips. 

Transmission measurements on both the stripline and the channel-stop strip guide were 

made using an end-fire couplng scheme.    The TE-polarized radiation from either a CW Nd:YAG 
laser at 1.06 jirn or from a pulsed GaAs-GaAlAs DH stripe-geometry laser at 0.920 (xm was 
focused on the cleaved input face of the  guide using a microscope objective.     The loss coeffi- 

cientc were foun ■ by determining the transmission through several lengths (<1 cm) of the same 

sample. 
Loss measurements on single-mode devices for the two pVn+ structures are summarized 

in Table I.     The guide width was 17 ^m fc r the stripline  and 20 fim for the strip guide.     At 
1.06 im.  the losses are 1.2 cm'1 for the stripline and 0.8 cm'1 (3.5 dB/cm) for the strip guide. 

We believe the loss for the channel-stop strip guide to be the lowest ever reported for a three- 

dimensional GaAs waveguide.    The losses at 0.920 pa are 1.7 cm'    for the stiipline and 

1.1 cm      for the strip guide. 

TABLE  I 

MEASURED LOSS COEFFICIENTS 
FOR GaAs WAVEGUIDES 

Device 

Optical Stripline 
(17-^m-wuHe rib) 

Channel-Stop Strip Guide 
{20-pm-wide strip) 

Loss Coefficient (cm"')* 

X = 1.06 nm 

1.2 

0.8 

*The uncertainty in the values is ±0.2 cm 
-1 

X= 0,920 ^m 

1.7 

1   1 

A first-order loss calculation10 yielded attenuation values within 25 percent of those mea- 

surement results. The calculation assumed that the optical power was confined to the central 
guiding region and thus modeled the devices as asymmetric slab waveguides; it was assumed 

that the stripline had a pVn+ structure ana B** the channel-stop strip guide had an air-n n 
structure. The absorption of the evanescent tails in the n+ and p+ regions as well as the re- 
sidual absorption in the n' guide were considered. In general, the calculated loss in the eva- 
nescent tails exceeded the residual guide loss deduced from measurements of thick planar GaAs 

waveguides. . 
The low optical loss in conjunction with the good electrical characteristics of the p n junc- 

tions8 suggests that these optical striplines and channel-stop strip guides are well suited for the 
development of GaAs modulators and switches using electro-optical effects,  and would be useful 

in lOCs operating at GaAs-laser wavelengths. 
F.J. Leonberger 
J. P. Donnelly 
CO. Bozler 



B.     INTEGRATED GaAs-AlGaAs   DH LASERS 
12 In a previous report,     it was noted that the external differential quantum efficiencies of the 

integrated GaAs-AIGaAs DH lasers were somewhat lower (3,4 percent per end) than would be 

expected from results on typical cleaved DH lasers (10 to 20 percent per end).    Further inves- 
tigation has now indicated that the reduced efficiency is caused not by the presence of internally 
reflected circulating modes,  as had been suspected,  but more likely by scattering of light by 
imperfections in the etched end mirrors.    These results are in essential agreement with those 

13 of others      on etched-mesa GaAs-AIGaAs DH lasers (18 percent maximum but 10 percent typi- 
cal from both ends). 

It was first established that inefficient coupling to the waveguide layer of the integrated 
device was not a causative factor by comparing the efficiencies of etched-mesa lasers before 
and after the growth of the waveguide.    External efficiencies were essentially the same.    In 

order to eliminate the possibility of internally reflected circulating or "bounce" modes,  active 
stripes of widths 6, 12,  and 25 jim were formed down the centers of the 100 jim wide by 310 \xm 

long etched-mesa lasers.    The technique of proton bombardment was employed to define the 
14 stripes and to render the portion of the mesa outside the stripe inactive.       The large optical 

absorption in this inactive region would then quench any modes utilizing the sides of the mesas 
as mirrors.    Again,  however,  the quantum efficiencies of the stripe lasers were essentially 
the same as those of the broad-area etched mesas,  indicating that the presence of circulating 
modes was not the cause of the low efficiencies. 

A careful examination of the etched-mesa lasers using scanning electron microscopy indi- 
cated that on a microscopic scale the etched mirror faces of these lasers were much less smooth 

and flat than originally believed.    v/hereas smooth and highly perfect mesa faces,  as shown in 
Fig. 4,  could be routinely produced in bulk GaAs,  the mesas etched into DH GaAs-AIGaAs wafers 

using the same masks and techniques were rough and non-flat.    Figure 5 shows a typical exam- 

ple.    A number of different etchants,  including those of the H2S04:H202:H20,   Br:CH3OH,  and 
CH3OH:H3P04:H202 systems were tried, with little difference.    The reason for the roughness 

is not known but must be due to imperfections or strains in the DH wafers and/or to the electro- 
chomisu-" of etching in the presence of the potential variations of the heterojunctions. 

It is believed that the reduced quantum efficiency of thede lasers is due to scattering and 
reflection at incorrect angles from the rough mirrors.    Side-by-side comparison of etched- 

mesa and normal cleaved lasers from the same wafer yield essentially identical threshold cur- 
rent densities but quantum efficiencies differing by factors of 4 to 6.    It would be expected that 
somewhere along the etched faces would be at least one area of proper reflection to permit low 

threshold lasing in a filament,  but that over most of the face light would be scattered or reflected 
improperly and lead to high optical losses and,  hence,  to low differential quantum efficiency. 
Although this limitation is not a fundamental one,  at present the technique of etching more per- 
fect faces has not been developed. 

C. E. Hurwitz 
J. A. Rossi 









from insulating to metallic.    There is a cor-sponding change in optical properties.    The optical 

changes are greatest in the infrared region vhere free electron absorption effects dominate 
when the material is in the metallic state.    It is the large changes in the electrical and optical 
properties at the phase transition which make these compounds useful for applications in micro- 
electronics and optoelectronics.    There are over twenty compounds that exhibit insulator-metal 

transitions.   We have concentrated on vanadium dioxide (V02), partly because it has a convenient 
transition temperature (~65°C),  and partly because V02 has a fairly large transition - the elec- 

trical conductivitj changing by as much as a factor of 10^ in single crystals.    This investigation 
describes the use of sputtered V02 thin films as optical switches at submillimeter wavelengths. 

I» is expected that the results could be used to deU rmine the feasibility of this class of devices 

at shorter uifrared wavelengths. 
Polycrystalline V02 films were deposited on single-crystal sapphire f ubstrates by reactive 

sputtering a vanadium target in a mixture of Ar and Or    Preparation of films with desired 
properties is made difficult by the existence of many different oxides in the vanadium-oxygen 
system.15   The growth conditions were quite critical and have been described elsewhere.      The 

VO   films have a resistivity change in going from the insulating state to the metallic state o. 

about 2 x 103 at 650C. 
Figure 7 shows a schematic drawing of the experimental setup.    The 337-^m radiation is 

provided by a HCN laser ana is measured by a GaAs photoconductive detector.    Initially, we 
measured the optical transmission at 337 ^m of a bare 0.6-mm-thick sapphire substrate,  and 

of a O.ZS-txm-thick V02 film on a sapphire substrate of the same thickness.    Measurements 
were made with the film in both the high-resistivity and low-resistivity states.    For these mea- 
surements,  switching was accomplished by heating the fill,   through the phase transition with a 

heater.    The bare substrate transmits about 80 percent, while the V02 on sapphire has about 
the same transmission (within the experimental uncertainty of 5 percent) in the insulating «täte. 
In the metallic state,  the free electron effects reduce the transmission to 25 percent,   resulting 

in a relative change of about 70 percent. 

ll-l-1Hll| 

i.-V'-l-'- 

LASER  HCN 

n 1 
1 
1 MECHANICAL 

^ 

1 
1 

—^              CHOPPER 

—^               FOCUSING 
S*                     LENS 

VOj  ON WATER- 

1     COOLED   PLATFORM 

LIGHT   PIPE 

DETECTOR   GoA» 

Fig. 7.    Schematic representation of V02 
optical modulation experimental setup. 
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Fig. 8.    Schematic diagram of V02 device 
configuration. 

It is also possible to induce the optical switching by direct electric heating.    Figure 8 shows 

the device configuration we used for the experiment.    In this case,  the V02 devices were fabri- 

cated by photolithographic techniques.    Initially,  four V02 elements of 100 by 700 ^m were ob- 
tained by etching out a pattern from a continuous V02 film.   The etchant used was 1:1 UNCyi^CX,. 

Electrical contacts were then fabricated on these elements by the following procedure.    A film 
of 500 A of titanium followed by 3000 A of gold was sputtered onto the V02 elements.    The pur- 
pose of the titanium underlayer is to provide adhesion between the gold and the V02.     After 

removal fron the sputtering system,  the substrates were coated with approximately  1.2 |Ua 
AZ 13 50 photoresist.    The desired device pattern was achieved by exposing the unwanted photo- 

resist with ultraviolet radiation through an appropriate mask,  removing the exposed resist fol- 
lowed by rinsing in deionized water and drying by N2 gas.   The exposed gold was then etched away 
using an iodine-based etchant and the thin titanium  film exposed wac  etched in  20:1 H20:HF. 
(VO, is only slightly soluble in HF.)   After etching,  the substrate was rinsed in deionized water. 
The urexposed photoresist was then removed with acetone,  and the substrates rinsed again in 
deionized water and finally dried with «-.    The resultant devices of dimensions 500 ^m long and 
100 jim wide are shown in Fig. 8; there are four devices.    The open spaces in the figures are 
just bare substrates for clcaical isolation and these spaces were blocked by gold stripes on 
the backside of the substrate to minimize leakage of light.    The room temperature resistance 
was about 50 kohm and the resistance change at the phas- transition is more than a factor of 10  . 

Using the electrical circuit shown in Fig. 9,  the four V02 devices were switched on by a 

pulse generator with variable duty cycles.    The duty cycles were adjusted for the maximum 
optical modulalioii.    Figure 10;..) shows the detector signal before the V02 devices were switched 
on.    When a voltage pulse train (160 V, 100 Hz) was applied to the four V02 devices,  all four 
devices were switched on,  as indicated by the small dots on the current pulses in Fig. 10(c). 

Figure 10(b) shows the detector signal when the V02 modulator was on.    The laser radiation 

11 
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Fig. 9.    Electrical circuit 
used for VO? experiment. 
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F'ig. 10. Optical detector signal: (a) before 
VO2 devices were switched on and (b) after 
VO2 devices were switched on; (c) current 
pulses indicating that all four VO2 devices 
were switched on and off. 

vvas modulated about 70 percent, which is about the same depth of modulation when the devices 
were switched on by a heater.   When the modulating frequency increased to 1000 Hz,  the modula- 

tion magnitude decreased from 70 to 60 percent,  indicating the response time of the VO, to the 
thermal cycle.    When the frequency increased to 2000 Hz,  the modulation decreased to 50 per- 
cent.     The speed of the devices is limited by their cooling time,  which is estimated about 

1 msec under the operating conditions.    If these devices were cooled I ■> cryogenic temperatures, 
instead of just water-cooled,  much greater speeds would L3 expected.    Preliminary experiments 

indicate similar results for the 151-jim wavelength. 
In conclusion,  we have fabricated optical modulators for submillimeter wavelengths using 

VO, devices.    Because the phase transition is a thermal process,  the speed of modulation would 

be limiteü.    Similar results are to be expected for 10 (im radiation,  although we could not con- 
firm this because of the sapphire-substrate absorption at 10 jim.    For materials like Cr-doped 

17 VpO,,  the observed insulator-metal transition has been suggested to bt a Mott transition, 
driven by electron-electron interactions which is a non-thermal process.    If such a non-thermal 

switching is possible,  much faster optical modulators could be fabricated. 

J. C. C. Fan P. M. Zavracky 
H. R. Fetterman      C. D. Parker 
F.J. Bachner 
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